Abstract: Forty-four mutants of Schizosaccharomyces pombe were isolated which required supplementation with arginine or glutamine. These mutants appear to define three genes, provisionally named aggl, agg2 and agg3 (arginine, glutamine requiring).
Introduction
In the fission yeast Schizosaccharomyces pombe, most existing gin-strains fall into one complementation group that corresponds to the structural gene encoding glutamine synthetase, which has been cloned [1] . During a search for further gln-mutations which might affect the control of the enzyme, new mutations were picked up which appeared to be defective in the mitochondrial pyruvate dehydrogenase complex. These mutations were not specific glutamine auxotrophs, and their phenotype was characterised to compare the role of pyruvate dehydrogenase in S. pombe with that in other organisms. 
Materials and Methods
The S. pombe strains used were: leul-32 h +, ade6-704 h + (Dr. A. Coddington, UEA, Norwich); 'wild-type' 972 h-, glul-1 h-, glu2-1 h-, glu3-1 h-, glu4-1 h-, lysl-131 rnatB-102 (Leupold collection, University of Bern [2] ); glnl-45 h +, gln1-412 h ÷, gln1-56 h+(Dr. D. MacDonald, Cambridge University [1] ). The media used were YE, SD and SD-N (described in [1] ); the supplements leucine, lysine, adenine, uracil were added at 1 raM; glutamate, arginine, glutamine at 5 mM, and all strains were grown at 30°C. Crosses were performed as in [3] and diploids produced as in
agg-mutations were isolated from a leul-32 ade6-704 h-strain: cells were grown to late exponential phase (1-2 x 107 cells ml-~), resuspended Glucose  120 307  195  205  190  180  Glycerol  180 205  210  205  234  205 Strains were selected to represent the three groups identified in Table 2 . The medium used was YE+5 mM arginine+l mM leucine + 1 mM adenine with the addition of either (a) 2 mg ml-1 glucose as sole carbon source (b) 2 mg ml-l glycerol as sole carbon source. Cultures were grown at 30°C in a shaking incubator, and samples removed for cell counts. Doubling times (in exponential phase) are expressed in minutes, and are an average of three separate determinations (standard error, + 20 min).
in sterile water, UV-irradiated (10 -13 J cell-l; 20-30% survival) then inoculated into YE plus supplements and grown to stationary phase in the dark before mutant enrichment using Nystatin selection [5, 6] . 5 X 10 4 surviving colonies were screened for glutamine auxotrophs.
Results and Discussion

Isolation of agg -mutations
Forty-four mutant isolates were picked up whose growth on SD plus leucine and adenine was either negligible or very slow. These strains were all supplemented by arginine or glutamine and were therefore provisionally named agg-.
Even when supplemented, the mutant strains grew more slowly and produced much smaller colonies than wild-type: the doubling times of most aggstrains tested were considerably greater than that of the parent strain (Table 1) .
Complementation and recombination between aggstrains
Strains carrying the mutations agg-32, agg-14 and agg-26 were crossed into matB backgrounds, and complementation tests were carried out by producing stable diploids between these matB strains and the h-agg-strains. These diploids were streaked on selective medium (SD-N + 5 mM NH4). Diploids beween agg-32 and 30 out of the 44 agg-isolates did not grow, and these isolates, which did not complement agg-32, were placed together with agg-32 in a group provisionally designated as aggl.
Sixteen other mutant isolates (nos. 14, 24, 26, 27, 33, 43, 53, 58, 63, 65, 66, 72, 73, 78) gave diploids with agg-32 matB, and these diploids grew on minimal medium, indicating complementation. These strains were placed in a second group provisionally designated as agg2.
In addition, crosses were carried out between different agg-mutants, h ÷ strains carrying agg-14 and agg-24, placed in the agg2 group because of complementation with aggl strains, were crossed to all agg-h-strains and the haploid products streaked on selective medium (SD-N + 5 mM NH4+ 1 mM leucine + 1 mM adenine). Wild-type recombinants were produced between both agg-14 and agg-24 and all the isolates previously placed in the aggl group and additionally with seven mutant isolates (nos. 26, 27, 43, 53, 72, 73, 78) previously assigned to agg2. These isolates were therefore provisionally assigned to a third group (agg3). The existence of a third gene was also suggested by the following experiments. A representative of this third group, agg3-26 h +, was crossed to all strains placed in the agg2 group and several strains from the aggl group. In all cases, large numbers of agg ÷ recombinant progeny were observed, suggesting that agg3-26 could recombine freely with aggl and agg2 isolates, agg3-26 h ÷ did not give recombinants in crosses to the other isolates provisionally assigned to agg3 (nos. 27, 43, 53, 72, 73, 78). The aggmutations were therefore provisionally divided into three groups on the basis of complementation and recombination (Table 2) .
Interaction with other mutations
Diploids were constructed between representatives of the three groups of agg-strains and existing mutants which required glutamine or glutamate [1, 7] . In addition, further crosses were carried out to investigate recombination between agg-and other mutations.
Strain glnl-45 lysl-141 matB-102 lacks glutamine synthetase, and was used to make diploids with all 44 agg-mutant strains. All diploid strains 
Mapping of aggl
During the process of investigating these mutants, a clone of wild-type S. pombe DNA was isolated which complemented mutations in the aggl group, but not mutations in agg2 or agg3 groups. Sequencing of this 5.0-kb clone (unpublished; EMBL accession number X75648) revealed a potential coding region showing 62% amino acid similarity to the El/3 subunit of pyruvate dehydrogenase (PDH) from Saccharomyces cereuisiae [8] . The clone was mapped by hybridisation to filters derived from both a PI and a cosmid library of S. pombe DNA [9] to a region of chromosome II lying between adel and top1. agg-strains were crossed to other markers in this region, but in most cases few agg-asci were produced, perhaps due to slow growth or viability problems (the other mutations in these crosses segregated 1:1 with their wild-type alleles as expected). The agg1-17 mutation segregated at a higher frequency than other agg-alleles and showed about 20% linkage to met3, confirming the assignment of aggl to this region of chromosome II.
Enzyme assays and growth tests
The agg-mutant strains were assayed for a number of enzymes involved in nitrogen assimilation and the TCA cycle ( Table 3) . As predicted by the sequence of the cloned DNA which complemented the aggl mutants, these strains had low levels of PDH. Low levels of PDH and citrate synthase were found in the agg3-26 and agg2-24 Table 3 Enzyme activities in agg-cells Abbreviations: PDH, pyruvate dehydrogenase; GDH, glutamate dehydrogenase (NAD-or NADP-specific); NAD-IDH, NAD-specific isocitrate dehydrogenase; GS, glutamine synthetase (transferase); Cit. Syn., citrate synthase. Specific activity is expressed in nmol min-1 (mg protein)-1 at 30°C except for GS where units are (tzmol y-glutamyl hydroxamate) rain-l (mg protein)-1 at 37°C. Cells were grown in SD-N+5 mM ammonium, arginine, glutamate + 1 mM leucine + 1 mM adenine and harvested in exponential phase (0.5-1.0 x107 cells ml-1), washed in distilled water and suspended in 0.1 M Tris pH 8.0/20% glycerol/1 mM DTT and vortexed with glass beads (0.45 mm, acid-washed) for 5 min to break the cells. Debris was spun down and the supernatant assayed for protein concentration [14] . Up to 0.5 mg of protein was assayed for enzyme activity. An NADH assay was used for pyruvate dehydrogenase [15] ; glutamate dehydrogenase (both NADspecific and NADP-specifc forms), glutamine synthetase and NAD-specific isocitrate dehydrogenase as described [7] ; cisaconitase as in [16] and citrate synthase according to [17] .
364 mutants: the mutations may affect a subunit of PDH, citrate synthase or another associated protein [10, 11] . All three agg-strains had levels of both aconitase and NAD-specific isocitrate dehydrogenase greater than wild-type, but the significance of these differences is difficult to interpret. Plate growth tests were carried out with a number of supplements (Table 4A ) and growth was tested on different carbon sources (YE medium plus leucine and adenine, with carbon sources added to a final concentration of 20 mg ml-l), agg-cells required arginine, glutamate or glutamine regardless of whether the carbon source was glucose, fructose, maltose, mannose, or glycerol (xylose, arabinose or galactose (at 20 mg ml-l) did not support growth of wild-type S.
pombe). In contrast to glucose, where arginine and glutamine were better supplements than glutamate, on glycerol as sole carbon source, glutamate was a more effective supplement for a greater number of different agg-mutants than either arginine or glutamine (Table 4B ). The simplest interpretation of this would be that glucose partly represses or prevents glutamate uptake.
It is difficult to explain why mutants partially defective in PDH are supplemented by arginine, glutamine and glutamate, but not by 2-oxoglutarate, acetate or fatty acids. The mutants would be expected to make less acetyl-coenzyme A (and possibly more ethanol) than normal, which in turn would reduce the activity the TCA cycle, compromising ATP production and the ability to generate compounds like citrate (without which ceils cannot synthesize lipids) and 2-oxoglutarate (without which they cannot synthesize glutamate, glutamine, arginine or proline). A defect in PDH would therefore be expected to disrupt both the TCA cycle and some critical aspects of lipid and nitrogen metabolism. Glutamine, arginine, glutamate, and to a lesser extent ornithine (all of which can be metabolised easily to 2-oxoglutarate) would then go some way to alleviating the defect. However 2-oxoglutarate (at concentrations up to 100 mM) does not supplement growth of agg-ceils (in contrast to glu2-1 and glu3-1 cells which lack the NAD-specific isocitrate dehydrogenase (Table 4 ; [7] )). Acetate (1-10 mM) did not supplement growth of agg-strains, unlike Strains used are as in (A), and the medium was SD-N (with the glucose replaced by 2% glycerol)+ 5 mM ammonium + 1 mM leucine+l mM adenine. The convention for scoring growth is as in (A), scored after 3 days incubation at 30°C. The following were tested (at 5 mM) on both glucose and glycerol but did not restore growth to agg-strains: alanine, glycine, serine, lysine, histidine, methionine, tryptophan, phenylalanine and asparagine; 3-amino benzoic acid, amino butyric acid, pyruvate, succinate; octanoic acid and octanoic ethyl ester.
PDH mutants of E. coli [12] and N. crassa [13] , and wild-type S. pombe cannot utilise acetate as a sole source of carbon. It seems that S. pombe either does not have an uptake sytem for acetate, or that it lacks those enzymes needed to convert acetate into TCA cycle intermediates, agg-mutants might be expected to use fatty acids as a source of acetyl-CoA, but neither oleate nor octanoic acid (1-10 mM) were found to supplement growth. The inability fo 2-oxoglutarate or fatty acids to supplement growth could be due to restricted permeability of agg-cells or mitochondria, and pleiotropic effects of mutation on mitochondrial structure [10, 11] cannot be ruled out.
In S. cerevisiae, deletion of the gene encoding PDH E1/3(or Ela, E2 or protein X subunits) does not cause an auxotrophic (or petite) phenotype [8] and it is suggested that mutant cells use an alternate pathway to generate acetyl-CoA from pyruvate, involving the enzymes pyruvate decarboxylase, aldehyde dehydrogenase and acetylCoA synthase. It appears from this study that PDH function in production of energy and biosynthetic intermediates is not so dispensable in S. pombe. It may even be the case that S. pombe cells totally lacking PDH function are inviable, and all the agg-mutants carry 'leaky' alleles. Further work is in progress to clarify the nature of the agg2 and agg3 mutational defects.
